Objectives: To compare two Gaussian diffusion-weighted MRI (DWI) models including mono-exponential and bi-exponential, with the non-Gaussian kurtosis model in patients with pancreatic ductal adenocarcinoma. 
Introduction
Diffusion-weighted MR imaging (DWI), a modality that is based on the thermally driven random motion of water molecules (Brownian motion) within tissues, has been used increasingly for the evaluation of a wide variety of solid lesions in the abdomen [1] . Promising results for improved detection and monitoring of therapeutic effects, in terms of prediction and early response assessment, have been reported, amongst others, for the liver [2] [3] [4] [5] [6] [7] [8] [9] [10] , pancreas [11] [12] [13] , kidneys [14] and prostate [15, 16] .
The typical DWI workflow in the clinical practice comprises: (i) qualitative assessment, by visually depicting restricted diffusion in the area of interest compared to the surroundings at different b-values in conjunction with the corresponding apparent diffusion coefficient (ADC) maps, and (ii) quantitative assessment, by measuring various DWI derived biomarkers like ADC, in the organ or area of interest [17] . For the quantitative approach, the two most commonly used models are the mono-exponential-based calculation of ADC and, recently more frequently, the bi-exponential-based estimation of the intravoxel incoherent motion (IVIM)-derived metrics, such as true diffusion coefficient (D), pseudo-diffusion coefficient (D*) and perfusion fraction (f) [18] . The mono-exponential model (monoExp) is more simple to implement, requiring the acquisition of a few b-values and a straightforward linear regression algorithm to fit the data [19] . It is faster to calculate and is provided automatically by the MRI vendors while the bi-exponential model (biExp) is technically more sophisticated requiring multiple b-values (especially in the low bvalue range, i.e. 0-200 s/mm 2 ) and the use of additional software for analysis of data. However, it allows for differentiation of pseudodiffusion effects and true diffusion effects that are both contributing in the ADC values. Although there is no general consensus regarding the number of b values that needed for IVIM analysis, the suggested minimum number is at least 4, thus making such acquisitions more time-consuming, compared to the 2-3 b-values that are needed for mono-exponential ADC quantification [18] .
Although both models, are based on the assumption that the probability displacement function of the water molecules follows a Gaussian distribution, it was observed that in brain DWI applications (reportedly at b-values higher than 1000 s/mm 2 ), this assumption is not valid [20, 21] . Similar findings were recently reported for the liver, kidney, and prostate [22] [23] [24] [25] . This is hypothesised to be the result of the interaction of water molecules with membranes and other microstructural components, which in turn reduces the actual diffusion distance compared to free water. The non-Gaussian kurtosis (NGK) model has been shown to take into account tissue heterogeneity and two relative imaging biomarkers namely, the kurtosis coefficient (K) and the corrected diffusion coefficient D K can be quantified. This approach is technically demanding, time-consuming and requires the acquisition of high and very high b-values [21] .
To the best of our knowledge, no studies exist on the application of the non-Gaussian kurtosis model in patients with pancreatic cancer. Therefore, the aim of this prospectively designed study was to compare the three different DWI models, namely the two Gaussian, i.e. mono-exponential (monoExp) and bi-exponential (biExp), and the non-Gaussian kurtosis (NGK) models, for the differentiation of tumours from non-tumorous parenchyma in patients with pancreatic ductal adenocarcinoma (PDAC).
Materials and methods

Study population
This prospectively designed study was approved by the regional ethics review board and written informed consent was obtained from all patients. Within the framework of a different study published elsewhere [26] , 16 consecutive patients fulfilled − between May 2010 and May 2011-the following inclusion criteria: a. high suspicion of PDAC, based on clinical history and imaging findings, b. multidisciplinary tumour board decision for surgical treatment with curative intent, c. no history of previous chemo-or radiation therapy, and d. no contraindication for MRI examination.
All patients were enrolled on a preliminary basis. After the exclusion of one patient, whose tumour was histopathologically proven to be other than PDAC (namely gallbladder carcinoma), the final study population comprised 15 patients [mean age ± standard deviation (SD): 64 ± 7 years; age range: 54-77 years; male/female: 8/7] with histopathological proof of PDAC. The lesions had a mean (±SD) diameter of 3.2 ± 0.6 cm and, of them, 12 were located in the head, one in the body and two in the tail of the pancreas.
MRI technique
All examinations were performed at a clinical 1.5T scanner (Magnetom Avanto, Siemens Healthcare, Erlangen, Germany) with a 12-channel body and spine matrix coil combination. All patients underwent free-breathing single-shot spin-echo echoplanar DWI of the pancreas with 8 different b-values (0, 50, 100, 150, 200, 300, 600 and 1000 s/mm 2 ). The diffusion gradients were applied in 3 orthogonal axes (tetrahedral scheme), parallel imaging factor was 2 and the spectral selective fat saturation pulse was used. The DWI acquisition time was 9 min and 02 s. Details of the MRI protocol parameters are presented in Table 1 . In order to maintain sufficient signal-to-noise ratio, 5 averages were chosen for all b-value acquisitions. Coronal, navigator-triggered, T2-weighted HASTE images were obtained before the DWI sequences for optimal slice positioning. No intravenous contrast agent was used. For clinical purposes (preoperative staging and surgical planning), all patients had undergone an additional, dedicated, pancreatic protocol multi-detector CT (MDCT) examination.
Post-processing and image analysis
The post-processing analysis was performed using the opensource image analysis software OsiriX version 5.6 [27] and the UMMDiffusion plug-in version 0.1 [28, 29] .
One radiologist (NK) with 6 years' experience in pancreatic imaging carefully drew multiple free-hand regions of interest (ROIs) at all slice levels, in order to encompass as much of the tumour and non-tumorous parenchyma as possible, both upstream and downstream (i.e. to the left and right of the tumour, respectively), avoiding the outmost margins of the lesions/parenchyma in order to minimise partial volume averaging (Fig. 1 ). There was an effort to avoid the inclusion of vessels and areas of necrosis/cystic changes. The DWI sequence chosen for ROI drawing was the b-value image series where the tumour was best visualised; ROIs were then pasted at all other b-value image series (Fig. 2) . For optimal ROI drawing, apart from DWI, all other available images (i.e. T2-weighted HASTE and MDCT) were taken into consideration to account for the relatively low spatial resolution of DWI images and, thus, minimise partial volume effects in the calculations. In that way (i.e. multiple ROIs in both tumour and parenchyma per patient), essentially the whole volume of the tumour as well as both upstream and downstream parenchyma, when possible, was measured in all patients. In total, 85 ROI measurements were performed, of which 36 were tumorous and 49 non-tumorous (21 downstream and 28 upstream). Mean (±SD) ROI size in tumours, upstream, and downstream parenchyma were 4.4 ± 2.5, 8.1 ± 4.1, and 6.4 ± 3.7 cm 2 , respectively. Upstream and downstream non-tumorous parenchyma were evaluated separately in order to account for potential differences between these Abbreviations: TE = excitation time, TR = repetition time. two areas secondary to the presence of changes of obstructive pancreatitis, which is often encountered in the upstream parenchyma and which may alter the microscopic structure, and thus the diffusivity of the tissues [30] .
The DWI metrics that were quantified and the corresponding formulae used for the calculation were:
(i) ADC from the monoexponential fit, according to:
(ii) D, D* and f from the biexponential fit, according to:
See Ref. [31] .
(iii) K and D K from the non-Gaussian kurtosis fit, according to:
See Ref. [21] ,whereas S(b) is the signal intensity (SI) at a given b-value, S 0 the SI without any diffusion weighting gradient (b-value = 0), ADC the apparent diffusion coefficient, D the true diffusion coefficient, D* the pseudo-diffusion coefficient, f the micro-perfusion fraction, D K is the diffusion coefficient corrected for kurtosis, and K the kurtosis coefficient. The kurtosis coefficient expresses the grade of deviation from the Gaussian distribution and is a unitless parameter, whose value may be either 0 (expressing perfect Gaussian distribution) or higher. Kurtosis effects were classified as minimal (K < 0.5), intermediate (0.5 < K < 1) or substantial (K > 1). Apart from the ADC maps provided automatically by the scanner's console, no other maps were created and no map analysis was performed.
All the aforementioned models were implemented in the UMMDiffusion plugin. No noise thresholding or similar was performed during the calculation of the parameters and neither was motion correction applied for post-processing purposes. The plugin calculates the mean value within the ROI at each b-value and fits the signal intensity curve to the respective model. For nonlinear least square fitting, the Levenberg-Marquardt algorithm was implemented in the plugin [32, 33] .
In order to evaluate if the SNR at the images with a b-value of 1000 s/mm 2 was sufficient, SNR b1000 was calculated by using the formulae:
SNR tumour = SI tumour /noise and SNR parenchyma = SI parenchyma /noise, whereas SI tumour is the SI of the tumour, SI parenchyma is the SI of the parenchyma and noise is the standard deviation of the SI of the background air measured outside the body.
Statistical analysis
Descriptive statistics were used to describe the data. Multiple comparisons of continuous data were performed by analysis of variance (ANOVA) and, if there was a statistically significant result, the comparisons were made using the post-hoc Bonferroni Abbreviations: ADC = apparent diffusion coefficient, D = true diffusion coefficient, D* = pseudo-diffusion coefficient, f = perfusion fraction, K = kurtosis coefficient, DK = corrected diffusion coefficient.
Table 3
Comparison of the DWI metrics ADC and DK, which showed statistical significance in the analysis of variance ( or Tukey's studentized Range (HSD) analysis. Receiver operator curve (ROC) analysis was performed to determine the area under the curve (AUC) and optimal thresholds for the various DWI metrics for the differentiation of tumours from non-tumorous parenchyma. Goodness-of-fit for each of the three models was assessed using the reduced Chi 2 test. For the calculation of the reduced Chi 2 , the mean Chi 2 value was divided by the number of degrees of freedom for each model (number of data points − number of parameters). For monoExp, biExp, and NGK the degrees of freedom were 7, 5, and 6, respectively. All statistical analyses were carried out using the SPSS version 20 package (SPSS Inc., Chicago, IL) and a P-value lower than 0.05 was considered significant.
Results
All tumours were visualised on DWI series. In tumours, kurtosis was substantial in 26/36 (72%) and intermediate in 10/36 (28%) of measurements. In non-tumorous parenchyma, substantial kurtosis was present in 27/49 (55%) and intermediate in 22/49 (45%) of measurements. Mean ADC and mean D K were the only DWI metrics allowing for the differentiation of tumours from non-tumorous parenchyma (Tables 2 and 3) . Results of the ROC curve analysis are presented in Tables 4 and Fig. 3 . D K showed highest diagnostic accuracy with an area under ROC curve of 0.84. For a D K threshold value of 2.37 × 10 −3 mm 2 /s, the sensitivity and specificity were 81% and 86%, respectively. Mean (±SD) of reduced Chi 2 for the monoExp, biExp, and NGK were 0.020 ± 0.011, 0.004 ± 0.01, and 0.008 ± 0.008, respectively, for tumorous ROIs (P < 0.05, for all pairwise comparisons). For non-tumorous ROIs, mean (±SD) of reduced Chi 2 for the monoExp, biExp, and NGK were 0.059 ± 0.035, 0.004 ± 0.007, and 0.02 ± 0.013, respectively (P < 0.05, for all pairwise comparisons). In all patients, plotting the log SI of the original data vs. all b-values used turned triexponential curves. The segment with the steepest SI decay corresponded to the low b-value range, whereas the segment with the least steep SI decay of the three corresponded to the high b-value range. Diagrams of the fitting of the curves of the three models in a patient with a tumour in the pancreatic tail are Fig. 4 . Diagrams representing the fitting of the curves derived from the three models, i.e. the two Gaussian [mono-exponential (monoExp) and bi-exponential (biExp)] and the non-Gaussian kurtosis (NGK), from a tumour located in the pancreatic tail (same patient as in Figs. 1 and 2) . The green line corresponds to the measured signal (original data, identical in all three diagrams) and the red line to the corresponding fitting model. The markers on the red line are for visualisation purposes, in case the curves are too close to each other, and do not represent the measured signal. The UMMDiffusion plugin calculates the mean value within the ROI at each b-value and fits the signal intensity curve to the respective model. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.).
Table 4
Calculation of area under the curve (AUC) for the DWI metrics ADC, D, D*, f, K, and DK for the differentiation of tumours from non-tumorous parenchyma. shown in Fig. 4 . Mean values (median, SD, and range) of SNR of the tumours were 9 (9, 2, and 6-14) while of the non-tumorous parenchyma were 6 (6, 2, and 4-11).
Discussion
The results of our study, as presented in Tables 2 and 3 , showed that for the differentiation of tumours from non-tumorous parenchyma in patients with PDAC, the only DWI metrics showing statistical significance were mean ADC and D K . Both metrics were significantly lower in tumours compared to non-tumorous tissue. D K which represents the diffusion coefficient that takes into account kurtosis effects was the DWI metric with the highest diagnostic accuracy for differentiation of tumours versus non-tumorous parenchyma with an area under the ROC curve of 0.84. In agreement with other published reports on both healthy individuals and oncological patients, the mean value of D K was higher compared to the mono-exponentially-based calculations of ADC [34, 35] .
The mean values of the IVIM-derived biexponential metrics D and f were higher in the non-tumorous parenchyma than the tumours. However, the differences were not statistically significant. These findings are contradictory to previously reported data. Concia et al. showed that D was significantly higher and f significantly lower in tumours compared to non-tumorous areas and, thus, they were able to differentiate between them [12] . Possible explanations for this inconsistency include differences between the two studies in terms of the histopathological characteristics of included tumours, the number and levels of the acquired b-values and software used for the calculation of the various DWI metrics and, finally, methodological variations in the acquisition of the ROI measurements. Considering the latter, multiple ROI measurements were performed in our study essentially encompassing the whole volume of both the tumour and, wherever feasible, the non-tumorous parenchyma, compared to fewer measurements in tumour and healthy parenchyma performed in the study by Concia et al. [12] . Our results probably indicate that in patients with PDAC differentiation of tumorous from non-tumorous pancreatic tissue based on biomarkers that are sensitive to a combination of micro-perfusion and diffusion effects may be more accurate compared to those sensitive to micro-perfusion or diffusion effects separately. Several previous reports have shown that f could differentiate between patients with PDAC from healthy volunteers [36] [37] [38] [39] . However, a direct comparison of the results of these reports with our results is not possible, as our study design was different and no healthy volunteers were enrolled.
Furthermore, in all ROI measurements in our study, K had values greater than 0.5, meaning that kurtosis effects were present in both the tumorous and the non-tumorous ROIs. Substantial kurtosis effects (i.e. K > 1) were detected in 72% of tumorous and 55% of nontumorous ROIs. Interestingly, the mean K value of the downstream non-tumorous parenchyma was higher compared to both the tumours and the upstream non-tumorous parenchyma (Table 2) ; however, these differences were not statistically significant. This tendency indicates that microstructural heterogeneity depicted as kurtosis effects is observed not only in tumours but also -to a varying degree -in non-tumorous tissues. A possible explanation for the differences between downstream and upstream non-tumorous parenchyma may be the presence of upstream obstructive pancreatitis [30] .
Higher diagnostic accuracy of biomarkers sensitive to the combination of micro-perfusion and diffusion effects, as well as, the presence of at least intermediate kurtosis effects in all ROI measurements may prove to be of importance and need to be addressed, if the role of DWI-derived potential biomarkers is to be explored in further research applications. Such applications include the differentiation of pancreatic adenocarcinoma from mass-forming chronic pancreatitis, the prediction of tumour grade and, finally, the prediction and early assessment of tumour response following neoadjuvant or palliative oncological therapy. Particularly for the differentiation of PDAC from mass-forming chronic pancreatitis, the reported data on the role of mono-exponential-based ADC calculations are contradictory [40, 41] . Interestingly, the IVIM-derived perfusion fraction f was shown to be able to differentiate between the two entities [37] . Contradictory results in the literature exist also regarding the ability of mono-exponential-based ADC calculations to predict adenocarcinoma tumour grade [42, 43] . Therefore, for all of the above applications, the use of more sophisticated DWIderived biomarkers may seem to be useful.
Regarding the comparison of the goodness-of-fit analysis, there were statistically significant differences of the mean values of reduced Chi 2 between the three models. The biExp model provided with the highest fitting performance, followed by NGK and, finally, by monoExp. This is in line with previously reported data [23, 24] and supports our hypothesis that kurtosis effects exist in our data although acquired with a maximum b value of only 1000 s/mm 2 . In general, very high b-values are recommended for the evaluation of NGK in brain applications [44] . However, in abdominal applications, due to lower SNR and lower T2 relaxation times of the various organs compared to the brain, very high b-values are not usually applied. Recently, various authors have shown that kurtosis effects could be detectable in abdominal and whole-body applications even when using maximum b-values of 800 s/mm 2 or less at 3T [23, 24] . We applied multiple b-values with a maximum of 1000 s/mm 2 that, coupled with the use of a parallel imaging factor of 2 and 5 averages, resulted in images with acceptable SNR at 1.5T ( Figs. 1 and 2) . In tumorous and non-tumorous ROIs, mean SNR at the image series with a b-value of 1000 s/mm 2 were 9 and 6, respectively. The resulting curves of plotting log SI vs. b-values were shown to be triexponential in all patients, where the least steep segment of SI decay of the three corresponded to the high b-value range. The latter might be indicative of the presence of kurtosis effects, even at b-values not exceeding 1000 s/mm 2 that is in agreement with the aforementioned published data [23, 24] .
Our study has several limitations. Firstly, the study population was relatively small. Despite that, we were able to detect statistically significant differences for the metrics ADC and D K . Secondly, the effect of inter-reader variation in the ROI positioning was not investigated. However, it has been shown that this variation is not significant in cases of whole-volume measurements, as is the case in our study [45] . Furthermore, motion correction between different b-values was not performed due to software limitations, which may influence the accuracy of the calculations and the cut-off value in the ROC analysis was not defined prospectively, which may falsely increase the accuracy of the results. Finally, the inclusion of patients solely with PDAC precluded the comparison of the three models regarding the differentiation of the various pancreatic pathologies.
In conclusion, the metrics ADC and D K could differentiate PDAC from non-tumorous parenchyma with the latter showing a better diagnostic accuracy. Correction for kurtosis effects has the potential to increase the diagnostic accuracy of DWI of pancreas in patients with PDAC.
